Introduction
Upper-hybrid turbulence is suggested to be the source of continuum radiation from planetary atmospheres and of many of the features observed in heating experiments where large-amplitude waves are injected into the Earth's ionosphre by ground-based transmitters. Turbulent plasmas may emit electromagnetic radiation, which constitute a diagnostic tool for understanding the processes occurring inside distant objects. Some features of the turbulence is well understood, while other features, mainly kinetic effects, are not well understood. Computer simulations of the kinetic Vlasov-Maxwell system have become a powerful tool to study these effects. We have studied upper hybrid turbulence and the generation of electromagnetic radiation theoretically and numerically [1, 2] by performing simulations of the Vlasov-Maxwell system, and simulations of a Zakharov-like system of equations. We propose confirmation and comparison of the obtained results with in situ measurements performed by the CLUSTER spacecraft.
It is well-known [3] that large amplitude electrostatic upper-hybrid (EUH) waves in magnetized plasmas can be excited by electron beams, anisotropic electron distribution functions, mode conversion of extraordinary electromagnetic waves at the upper-hybrid layers, etc. Large amplitude EUH waves can be subjected to numerous parametric instabilities [3] [4] [5] . They may decay into a daughter EUH wave/radiation and a low-frequency electrostatic/electromagnetic wave [6] [7] [8] . Parametrically excited electromagnetic waves could be associated with escaping radiation from planetary magnetospheres, as well as from the Earth's ionosphere. Besides, the EUH waves can be modulated by non-resonant density and magnetic field perturbations due to the ponderomotive force effect. The resulting modulational instabilities can be the cause of density and magnetic field profile modifications [6, 10] , as well as responsible for the formation of envelope EUH solitons [2, 3, [10] [11] [12] and EUH wave collapse [13] [14] [15] [16] Some of these nonlinear effects have been observed both in laboratory and numerical experiments [13, [17] [18] [19] [20] A critical review of solitons and nonlinear waves in magnetized plasmas has been presented by Pécseli [10] . Observations by instruments on board CLUSTER spacecraft reveal the signature fast magnetosonic waves [22] as well as of slow magnetosonic solitons [23] . Since the forthcoming CLUSTER data might also exhibit the signature of intense EUH waves in association with dispersive magnetosonic and lower-hybrid waves, it is timely to consider the nonlinear coupling between large amplitude EUH waves and dispersive magnetosonic waves (DMWs)/lower-hybrid waves (LHWs) in a uniform magnetoplasma.
Vlasov simulation results
We have carried out a fully electromagnetic Vlasov simulation [24, 25] , in which a large amplitude upper-hybrid wave was launched and its development studied and compared with theory; see Fig. 1 . 4 " As can be seen in the upper panels of Fig. 1 , low-frequency turbulence sets on at the time ω pe t ≈ 10000. Two large-amplitude solitary structures can be seen in the electric field data displayed in the upper left panel, one moving with approximately the Alfvén speed and one moving with half the Alfvén speed. Stationary ion cavities which are are also created; see the right panel. No strong electric fields can be seen to be associated with these cavities. Ionosonic waves, moving with the Alfvén speed, radiated from the points where the cavities are created. In row 2-4 of panels, the time evolution of the wave number spectrum is compared with a theoretical prediction of growth rates.
The generalized Zakharov model
A Zakharov-like equation for the slowly varying envelope of the high-frequency electric field E h ,
and the slowly varying plasma density variation
where n and B are related as
where we introduced the electron skin depth λ e = c/ω pe and noted that m e m i . It is interesting to note that the second term in the right-hand side of Eq. (3) makes the magnetosonic wave dispersive, so that it smoothly joins the lower-hybrid dispersion branch at short wavelengths. Figure 2 . Zakharov model. The decay of upper-hybrid waves. β = 4.0 As can be seen in the upper panels of Fig. 2 and Fig. 3 , longwavelength turbulence sets in at a time slightly larger than t = 10 000 ω pe for both cases, in which electric field envelopes and ion density waves are moving in the leftward direction. Solitary waves with large localized electric fields and associated density cavities are created in both cases but they seem to be most stable for the high-beta case displayed in Fig. 2 ; two clearly visible solitary waves are created at x ≈ 1500 r D and x ≈ 6000 r D , respectively, at the time t ≈ 20 000ω −1 pe and survive throughout the rest of the simulation time. The solitary waves are associated with a HF electric field of approximately E = 0.6 √ 4πT e n 0 ≈ 2.8 × 10 −5 esu ≈ 0.8 V/m, and a shallow density depletion of about 0.3 percent of the background density. In the low-beta case, depicted in Fig. 4 , localized wave structures are also created which are in general short-lived in comparison with the high-beta case. They are also associated with electric fields of the same amplitude as in the high-beta case, and with shallow density depletions of the order 0.1 percent of the background plasma. The typical widths of the solitary waves, for both cases, are of the order 50-100 r D = 4-8 km.
The time point of the onset of the long-wave magnetosonic radiation seems to be almost independent of the plasma beta in spite the fact that the time-scale of the modulational instability is in general strongly dependent on the plasma beta. Instead, the onset of radiation seems to be associated with the saturation of the three-wave instability, which has approximately the same maximum growth rate γ ≈ 0.001 ω pe for the two beta cases, as obtained from the nonlinear dispersion relation; see the lower right panels of Figs. 2 and 3 we considered, and where the exponential growth of the fastest growing wave mode saturates at the same time t = 11 500 ω −1 pe in the two cases, i.e. at the same time as the onset of low-wavenumber radiation for both cases. The process can be understood by the schematic picture displayed in Fig. 4 . The upper panel illustrates the three-wave process where the upper hybrid "pump" wave (k h , ω h ) decays into a lower hybrid wave (k L , ω L ) and a counter-propagating radiated upper-hybrid wave (k r , ω r ), which will have a finite width of the wave spectrum around (k r , w r ). Illustrated in the lower panel, the large-amplitude and modulated radiated wave self-interacts and produces low-frequency magnetosonic waves (k M , ω M ) which will have negative phase velocities, which is consistent with the results from the Zakharov simulation. The Vlasov simulation share some common features with the Zakharov simulation, even if details differ: The onset of waves at the time ω pe t ≈ 10000 is most probably due to some stage of threewave decay, similarly as in the Zakharov simulation; no exponential growth of low-wavenumber radiation can be seen, but instead step-wise, non-exponential, onsets of this radiation; see Fig 1. The creation of the two fast moving high-amplitude electric field solitary structures is consistent with the fast moving solitary waves seen in the Zakharov simulation for the low-beta case. The stationary ion cavities seen in the Vlasov simulation could not be seen in the Zakharov simulation, and we therefore think that these features may be due to some kinetic effect and/or local heating of the plasma, which is not included in our generalized Zakharov model.
